Abstract The 3D wave-propagation characteristics of the 4 July 1978 aftershock (M 5.1) of the 20 June 1978 strong mainshock (M 6.5) that struck the city of Thessaloniki are studied using a 3D finite-difference approach. Synthetics are estimated for a dense grid of receivers and compared with available accelerograms from soft-soil sites in the city of Thessaloniki, exhibiting a good agreement both in time and frequency domain for the frequency band studied (0.7-3 Hz). Moreover, the spatial distribution of various measures of ground motion (peak values, spectral values) is used for the quantitative study of site effects in the broader city area. Comparisons show that the coastal zone, including the city harbor and large areas of the eastern parts of the city, exhibit high values of ground motion (and significant site amplifications), in good qualitative correlation with the observed damage distribution of the mainshock of the 1978 seismic sequence. Finally, the 3D synthetics are compared with available 2D simulations, as well as amplifications derived from macroseismic information for three typical cross sections spanning the urban area of the city. The comparisons confirm the strong spatial variability of ground motion throughout the Thessaloniki area, as well as the superiority of 3D modeling of actual recordings against previous modeling attempts. These results verify the practical usefulness of 3D wave-propagation tools for hazard mitigation, especially of specific target events, in complex geometry sedimentary basins such as the Thessaloniki area.
Introduction
The city of Thessaloniki (northern Greece) is located in the Axios-Vardar geological zone, which is adjacent to the Servomacedonian massif, one of the most seismotectonically active regions in Europe ( Fig. 1 ; Papazachos et al., 1983) . The seismotectonic setting of the broader area (Servomacedonian massif) is characterized mostly by normal faults with an east-west strike due to the extensive stress field (of a more or less north-south direction), as well as secondary, mainly southeast-northwest-striking faults (Vamvakaris et al., 2006) . The city has suffered large earthquakes throughout its history (Fig. 1) , many of them causing significant damage and human losses (Papazachos and Papazachou, 2002) . Thessaloniki was the first big modern city in Greece to be was hit by a destructive earthquake (20 June 1978, M 6.5), attracting several researchers for microzonation studies, quantification of site effects, and prediction of the structural behavior during strong earthquakes (e.g., Sherif et al., 1973; Kobayashi, 1973; Leventakis and Roussopoulos, 1974; Pitilakis et al., 1982; Tsotsos and Zissis-Tegos, 1986; Chávez-García et al., 1990; Triantafyllidis et al., 1999; Lachet et al., 1996; Raptakis et al., 1998) . Nevertheless, only recently numerical studies of 2D and 3D wave-propagation and strong ground motion characteristics for the broader area of Thessaloniki have become available, due to limitations of the computational power needed for such calculations but also to the lack of detailed 2D and 3D geophysical models for the study area. Hence, , , and Raptakis et al. (2004a, b) were among the first to study numerically the complex site effects and site response in Thessaloniki using 1D and 2D simulations for various cross sections spanning the broader Thessaloniki area. More recently, Skarlatoudis et al. (2010; 2011) employed a 3D finite-difference (FD) scheme for the broader area of Thessaloniki and showed that the previous 1D and 2D simulations could not adequately describe the site response, in comparison with the 3D wave-propagation results. Specifically, for the same cross sections studied in 2D, smallscale 3D variations, as well as the strong overall 3D variability of the deeper formations (e.g., bedrock), in combination with the source position and type for the various seismic scenarios studied, result in significantly different site response than the one estimated by 1D and 2D studies.
The present study is a continuation of the work of Skarlatoudis et al. (2010 Skarlatoudis et al. ( , 2011 , in an attempt to further examine the complex site-effect response in the broader area of Thessaloniki. Specifically, the site response from the earthquake of 4 July 1978 (M 5.1) is studied using synthetic waveforms with a 3D FD method. The selected event was the strongest aftershock of the 20 June 1978 M 6.5 sequence that struck the broader area of Thessaloniki. The existence of strongmotion recordings for this event in the urban area of Thessaloniki allows for qualitative and quantitative comparisons in both the time and the frequency domains, something which was not possible in the two previous studies that performed simulations for seismic scenarios. Furthermore, the relatively medium-sized magnitude and ground motion amplitudes produced from this earthquake ensure the absence of nonlinear soil behavior and complex rupture phenomena, which would be impossible to map with the specific FD implementation, allowing us to focus on the linear soil behavior.
The properties of various measures of ground motion, such as peak ground velocity (PGV) and pseudospectral acceleration (PSA), were studied in order to reveal the impact of this earthquake in the city of Thessaloniki and study the corresponding site effects. Comparisons were also performed with published 2D synthetic results for three typical cross sections spanning the historical center of Thessaloniki, in order to check the main wave-propagation properties from the specific earthquake and demonstrate the necessity of 3D synthetics for the study of site effects in complex sedimentary basin areas.
Empirical Data
The earthquake of 4 July 1978 was the strongest aftershock of the seismic sequence of 1978 that hit the city of Thessaloniki. The earthquake occurred at 22:23:29 local time and its hypocenter was located west-northwest of Langada lake (Fig. 1) . A fault plane solution was not determined for this event because the number of seismological stations that recorded the earthquake was quite small and not from a regional network. The focal planes finally adopted (Table 1) were based on an average fault plane solution estimated from an aftershock monitoring network later installed in the area (Vamvakaris et al., 2006) .
The earthquake was recorded in three strong-motion stations in operation during that period in the city of Thessaloniki (CIT, SEK, and AGK). The recording instruments were Kinemetrics analog accelerographs (SMA-1) operated by two different institutes. More information on the characteristics of station CIT and the digitizing procedure applied to the analog accelerograms can be found in Carydis et al. (1983) and, for stations SEK and AGK, in Petrovski and Naumovski (1979) . The locations of the three stations are also shown in the inset map of Figure 1 (black triangles), and the corresponding coordinates and instrument orientations are listed in Table 2 . The instrument orientations for sites SEK and AGK were measured on site (as found in 2009), and for station CIT the values reported by Carydis et al. (1983) were used. Stations CIT and AGK are located in the historical center of the city of Thessaloniki on Figure 1 . Map of the known earthquakes of M ≥ 3:0 that occurred in the broader area of central-northern Greece from historical times (550 B.C.) till 2009 (see Data and Resources) and active neotectonic normal and strike-slip faults (thin black and thick black lines, respectively) according to Papazachos et al. (2001) . Open circles denote epicenters of historical earthquakes (before 1911). The dark gray area corresponds to the high seismicity Servomacedonian massif region. The locations and fault plane solutions of the mainshock and the strongest aftershock of the 1978 seismic sequence are also plotted. The white rectangle corresponds to the inset map of the broader Thessaloniki area, where the sites for which strong-motion recordings for the 4 July 1978 aftershock were available are depicted with the black triangles, and the final FD computational model is shown with the open rectangle (thin black line border; modified from Skarlatoudis et al., 2011) . The color version of this figure is available only in the electronic edition. sedimentary formations, and station SEK is installed on the bedrock in the northeastern part of the city. For the needs of the present study, the digitized analog recordings were reprocessed with the procedure proposed by Boore (2001; in order to improve their quality. This procedure involved zero padding in the beginning and in the end of the record, based on the order of the applied digital filter and the use of acausal band-pass filters for digital noise removal Boore (2005) . The filter selected for the processing of the analog records was an acausal, eighth-order Butterworth filter with a low-cut cut-off frequency (f low 0:7 Hz) and a high-cut cut-off frequency (f high 24 Hz) applied in the time domain. Moreover, the corrected accelerograms were rotated to the polar coordinate system in order to be used for time-domain comparisons with the results of the present study. Ground velocity records were produced by numerically integrating the corrected accelerograms.
The final recordings are shown in Figure 2a for ground acceleration and in 2b for ground velocity, respectively. It can be noticed that the recordings from stations CIT and AGK, which are located on sedimentary formations, exhibit significantly higher peak values and longer duration in comparison to the SEK station record, which is situated on bedrock. Despite the fact that the distance between the two stations on sediments is quite small (∼1 km), significant differences can be also observed, especially between the corresponding ground velocity records. Specifically, the ground velocity record from AGK station is quite rich in high-frequency content, while for station CIT an almost monochromatic group of waves (single dominant frequency) can be observed in the corresponding record. While station AGK was installed in a light structure building (church), station CIT was located at the basement of an eight-story reinforced-concrete structure. Therefore, the observed monochromatic characteristics of the ground velocity recording could imply the existence of soil-structure interaction effects, though no quantitative analysis exists about the CIT recording site. It should be noted that due to the lower level of the vertical component recordings (PGV < 1 cm=s for the bedrock site SEK) and considering the typical digitization techniques of the acquisition period (Petrovski and Naumovski, 1979; Carydis et al., 1983 ) that were applied on strong-motion records, it was decided not to use them for further analysis.
Numerical Simulation Method and Computational Model
For the numerical simulations an explicit 3D fourthorder velocity-stress FD scheme with discontinuous spatial grid was employed. The scheme solves the equation of motion and Hooke's law for a viscoelastic medium with rheology of the generalized Maxwell body. Details on the employed scheme, its grid, and material parameterization are provided in Moczo et al. (2002; , Kristek and Moczo (2003) , and Kristek, Moczo, Pazak (2009) . Adjusted fourth-order accurate FD approximations were applied at the planar free surface , while the unsplit perfectly matching layers (PML) formulation was applied to minimize spurious reflections from the boundaries of the grid (Skarlatoudis et al., 2006; Kristek, Moczo, Galis, 2009 ). Moreover, a doublecouple point source was used for the computations, whereas for the source-time function, representing particle velocity, the Gauss signal shown in Figure 3 was adopted. Assuming six grid spacings per minimum S wavelength as sufficient spatial sampling (Moczo et al., 2000) , the maximum frequency up to which the simulation can be theoretically considered as accurate is 3 Hz. Given the maximum S-wave velocity in the model (3400 m=s) and the horizontal dimension of the model (19,440 m), the simulation should be considered as reliable for frequencies higher than 0.2 Hz. The time step used in the simulations was 0.8 ms. The values of the computational model parameters finally adopted for the FD computations are summarized in Table 3 .
The computation model used for the simulations was based on the geophysical-geotechnical model and the dynamic characteristics of the proposed soil formations by Anastasiadis et al. (2001) , as adapted by Skarlatoudis et al. (2010) . The main geophysical-geotechnical parameters, such as dynamic properties and indicative geological age for each formation, are shown in Table 4 . The original coverage of the Anastasiadis et al. (2001) model has been extrapolated in order to cover the whole study area adopting the geometry (but not the grouped velocity values) of the main geological formations, as provided by Apostolidis et al. (2004) . This extrapolation mainly concerned areas for which information on the geometry and properties of geological formations was not available for the Anastasiadis et al. (2001) model (mainly the northwestern and southeastern part of the model). The procedure followed for the extrapolation of Anastasiadis et al. (2001) model included adopting the presence of the bedrock formation for the whole northeast area of the computational model and the continuous thickening of Cenozoic (both Neogene and Paleogene) sedimentary formations toward the central part of the Thermaikos Gulf, several tens of kilometers to the southwest of the city of Thessaloniki (Lalechos and Savoyat, 1979; Roussos, 1994) .
In Figure 4a , the bedrock depth, as well as the total thickness of the recent (mostly Quaternary and upper Pliocene, as well as anthropogenic) soft-soil sedimentary formations (formations A, B, and C in example, the velocity-depth profiles for two sites, CIT and LEP, are shown in Figure 5 in order to present in more detail the local structure in the central area of the city. Additional details for the proposed extrapolation approach can be found in Skarlatoudis et al. (2010) , who showed, after performing several tests, that this extrapolation approach has practically no impact on the modeling results for sites located within the original model area. The final computational model covers an area of 19:4 km × 18:8 km, delineated in Figure 1 with the open rectangle. Synthetic results were produced for the three sites for which accelerograms were available (Table 2) , shown in the inset map of Figure 1 , as well as for a dense grid of receiver positions (typical spatial step of 500 m) in order to study the spatial variation of the simulated motion in the study area for the examined aftershock.
Comparison of Results with Observed Data
The present study results were compared with observed data in order to validate the accuracy of the simulations. In Figure 6 , the comparison of the horizontal components of synthetic waveforms (ground velocity) and Fourier amplitude spectra (FAS; dashed curves) with the corresponding observed ones (solid curves) is shown for the frequency window 0.7-3 Hz. The lower limit of the frequency window (0.7 Hz) is imposed by the cut-off frequency of the low-cut filter used for the processing of the analog strong-motion records, and the upper limit is imposed by the frequency up to which the simulation can be theoretically considered as accurate (3 Hz). In general, for moderate-magnitude earthquakes, the ground acceleration is expected to exhibit enhanced frequency content for frequencies higher than the ones used here (0.7-3 Hz) for the validation of synthetics with the observed data. Comparisons of synthetic and observed ground acceleration for the specific frequency window are technically possible but would render unrealistically small values of peak ground acceleration (PGA), without practical importance. For this reason, comparisons and corresponding results are only presented for ground velocities, which are mostly controlled by the examined frequency range of seismic motions. For time-domain comparisons, synthetic waveforms were aligned in time based on the observed S-wave first arrivals, as absolute time was not available for the strong-motion records.
Comparisons in the time and frequency domain showed that for station SEK (Fig. 6a) , which was used as a reference site for the evaluation of the simulation characteristics because it is situated on bedrock, the predicted amplitudes (dashed curves) compare sufficiently well with the observed ones (solid curves). Nevertheless, the general shape of the synthetic waveforms as well as the amplitude and phase characteristics are not sufficiently similar for stations CIT and AGK ( Fig. 6b and 6c, respectively), which are located on soft soil. Discrepancies are more prominent for station CIT, possibly because of the observed FAS (solid curve) dipping observed around the frequency of 2 Hz in both horizontal components of ground motion. This dipping is also prominent in the radial component of station AGK and in the transverse component of station SEK. Because this dipping is also observed on the rock site (SEK), it could be attributed to path effects between the source and station SEK, which are not included in the 3D geophysical model. For example, a simple 1D model was used for the whole bedrock area, which includes the source and station SEK, whereas existing tomographic results (Papazachos and Scordilis, 1998) show a more complicated velocity structure that could also influence Table 4 Soil Description, Age, and Dynamic Properties of Each Formation of the 3D Anastasiadis et al. Anastasiadis et al. (2001) . α, P-wave velocity; β, S-wave velocity; ρ, density; Q α , P-wave quality factor; and Q β , S-wave quality factor.
(e.g., by multi-pathing) the incoming seismic wavefield at the broader Thessaloniki area. In addition, the specific Gaussian signal that was used as the source time function, selected after several tries among various typical source time functions (Gauss, triangle, Gabor, etc.), may be sufficient for capturing general features, such as the amplitude or the duration of ground motion in the synthetics, but possibly the more complex source time function characteristics are not mapped in detail. Except for the issues previously described, the quality of the observed data is another factor that might obscure the identification of some detailed features of ground motion. The three stations that recorded the earthquake were equipped with analog accelerometers (Kinemetrics SMA-1) thus producing average-quality strong-motion records of the aftershock. In addition, the available analog records were digitized using the typical techniques of that acquisition period (Petrovski and Naumovski, 1979; Carydis et al., 1983) , introducing additional noise to the results, affecting mostly the low-frequency part of the records in the frequency band studied. Finally, it should be kept in mind that comparisons for a single bedrock site (due to the lack of additional observations) do not allow the application of additional correction procedures (e.g., spectral corrections based on the average motions of multiple bedrock sites that could be used as an empirical transfer function).
In order to quantify the waveform agreement in the time domain, the single value envelope and phase misfits (Kristekova et al., 2006 ; smaller values denote a better fit) were calculated for the original and synthetic waveforms with respect to the observed records, and the corresponding results are shown in Table 5 . Additional quantitative measures of the goodness-of-fit in the frequency domain were used; as these were introduced by Anderson (2004) (resulting values are in the scale 1-10; higher values denote better fit). In Table 5 , results for the spectral domain criteria, namely acceleration response with 5% damping and FAS (measures C8 and C9, respectively) are also shown. The approach used to compute C8 and C9 measures is based on the comparison of the spectra at every frequency for which they are computed and estimation of the mean of the scores for each of those individual comparisons, providing a final value of the score for the spectral shape. The individual scores for each frequency were estimated using the following function:
(1) where p 1 and p 2 correspond to the various ground-,motion measures (e.g. PGA, PGV, etc.) that are employed for the definition of the goodness of fit between the compared waveforms. (For a more detailed description, see Table 1 of Anderson, 2004) . The overall goodness of fit of the synthetic waveforms, quantified by the various measures in both time and frequency domain, is very satisfactory for the radial component of station SEK and the transverse component of station AGK, while results for the other components of these stations, as well as for both components of station CIT exhibit a poorer fit. In general, the overall characteristics of the synthetics, given the uncertainties described in the aforementioned paragraphs, as well as results from the various measures for the goodness of fit with observed recordings, suggest that the synthetic results can adequately simulate ground motions for the specific earthquake.
Distributions of Ground Motion Parameters
The final synthetics for the whole receiver grid were compared with ground-motion prediction equations (GMPEs) for PGV for the broader Aegean area (Skarlatoudis et al., 2003; . In Figure 7 , the measure RotD50 (Boore et al., 2006; Boore, 2010) of the horizontal components of synthetics is plotted against hypocentral distance, together with the predicted values for rock (black solid curve) and soft-soil (gray solid curve) site conditions for an earthquake magnitude of M 5.1. The 1 standard deviation curves are also shown (dashed-dotted curves) for soft-soil site conditions. The soil classification of the recording sites (according to National Earthquake Hazards Reduction Program [NEHRP, 1994] , and Uniform Building Code [UBC, 1997]) specifications) used for the derivation of the applied GMPEs was performed on the basis of the geotechnical information for the sites where such information was available (Klimis et al., 1999) , and information from the geological map of the specific area was used for the remaining stations. Synthetics were grouped in classes, according to the bedrock depth at each recording site; thus, for bedrock depths less than 30 m, synthetics are depicted with black circles, for bedrock depths between 30 and 80 m with black triangles, and for bedrock depths larger than 80 m with black crosses, respectively. The corresponding RotD50 measure of the available observed values at the three recording sites is also depicted with gray Figure 7 is technically valid.
On the other hand, some of the energy lower than 0.7 Hz or larger than 3 Hz may also contribute (though not necessarily constructively) to the actual PGV value, resulting in a bias between the filtered (observed or synthetic) and the predicted (from the empirical relations) PGV values. This bias may be the main reason behind the observed difference in Figure 7 between the synthetic/observed PGV values for rock sites (solid circles and SEK site) and the presented PGV prediction for rock sites (solid black line). Furthermore, the spatial distribution of the measure RotD50 of the theoretical acceleration response spectra (PSA) (5% damping) from the filtered (0.7-3 Hz) synthetic waveforms was studied. The RotD50 measure was selected because it represents the median value of the theoretical PSA, being at the same time independent of the in situ orientations of the recorded ground motions and thus reducing the aleatory uncertainty of the estimated measures. In Figure 8 , the relative PSA ratios, with respect to site SEK, for the periods 0.4 s (2.5 Hz) and 1 s (1 Hz) are shown together with the corresponding observed ratios for CIT and AGK stations. High values of the ratios (∼6) are observed for both periods studied in the broader area of the historical center of Thessaloniki, forming a high-amplitude coastal zone expanding toward the east-southeast direction. Nevertheless, for the period of 1 s, this coastal zone is covering larger parts of the model with relatively higher values of the PSA ratio, suggesting that higher motions are expected for this period. The highest ratio values (∼7), though, are found in the northwest part of the model, which is consistent with the results of Skarlatoudis et al. (2010; 2011) for a similar seismic scenario (at a shorter epicentral distance) and for various ground-motion measures. Unfortunately, no empirical (recorded) data are available in that area, in order to verify and calibrate the theoretical estimations. The previous results are also supported by the PSA ratios from the observed data, which are in a good agreement with the theoretical ones for CIT and AGK sites, especially for the period of 1 s.
For two additional sites, one in the deepest part of the model in the southeastern part of the coastal zone (TYF) and one close to the bedrock-sediments interface (ROT), synthetic waveforms together with the corresponding plots from time-frequency analysis are also presented, with the black solid lines depicting the frequency of 2.5 Hz (0.4 s). The spectrograms were estimated using the maximum entropy method and moving time windows of 0.7 s, with an overlapping step of 0.02 s. It can be noticed that dispersion phenomena (white dashed line) can be hypothesized for the transverse component of site TYF, which correspond to locally propagating Love waves, though the frequency resolution does not allow for a definite conclusion. On the contrary, this pattern is clearly not observed for site ROT, which is located much closer to the bedrock (small thickness of sedimentary cover).
The generation and development of Love waves, together with other wave-propagation features, can be observed in more detail in Figure 9 for the AGK-KAL cross section, which spans the coastal zone, for both the radial and transverse components of ground motion. The surface waves are more evident in the transverse component of ground motion; and, considering also the source-receiver geometry, they can be characterized as Love waves. Similar results, regarding the generation and propagation of surface waves were also observed by Skarlatoudis et al. (2011) for the north-south component of scenario 1 (northeast position of the seismic source).
The ratios of the observed relative PSA for sites AGK and CIT, with respect to site SEK, over the corresponding theoretical relative PSA ratio values are plotted against frequency in Figure 10 for six examined frequencies (1, 1.25, 1.50, 1.67, 2, and 2.5 Hz) of PSA. Results for sites CIT and AGK are depicted with black and gray circles, respectively. Theoretical PSA values for site AGK are in better agreement with the observed PSA values, in comparison to site CIT, exhibiting ratios close to one for all studied frequencies. The observed discrepancies for site CIT are observed for the frequency window 1.5-2 Hz, clearly affected by the FAS dipping (Fig. 6b ) of the observed records in both radial (P-SV waves) and transverse (SH waves) components of ground motion. Overall, the relative PSA ratio values for both studied sites vary between 0.59 and 1.0, which shows a rather good agreement between theoretical and observed results. A qualitative correlation of ground velocity synthetics with recorded damages in the urban environment of Thessaloniki from the 1978 M 6.5 mainshock was examined, as an additional measure for assessing the reliability of the present study results. Ground velocity was chosen for this correlation, as it has been shown (Koliopoulos et al., 1998) to exhibit superior correlation with the macroseismic intensity scale used in Greece (an adapted Modified Mercalli intensity
[MMI] scale). This correlation can be only indicative of the practical usefulness of the 3D synthetics because the specific damages were caused by the mainshock, which was larger (M 6.5) and had a slightly different fault plane solution and hypocenter location from the examined aftershock (see also Fig. 1) . Moreover, the 20 June 1978, M 6.5 mainshock wave field is not directly comparable to the corresponding aftershock wave field, as additional phenomena may be present (e.g., nonlinearity, complex rupture, etc.)
In Figure 11 , the spatial distribution of damages in the metropolitan area of Thessaloniki after the 1978 mainshock is presented (Leventakis, 2003) , together with the corresponding distribution of the RotD50 measure of the PGV3D)/ (PGV1D ratio, for the frequency band 0.2-3 Hz. Notice that for this comparison we employ the full spectral range (0.2-3 Hz) for which 3D simulations are theoretically accurate and not the more limited range (0.7-3 Hz) for which qualitative comparisons with data are made. According to Leventakis (2003) , the largest damage was recorded in the city harbor area and parts of the eastern area of the Thessaloniki. Despite the previously mentioned limitations of the comparison, a quite good correlation is observed between the damage distribution and the PGV spatial variation, suggesting that the role of local site amplifications studies here is much more important than other factors (e.g., differences in source radiation pattern, nonlinearity, etc.).
Comparisons with 2D Results
Present study results were also compared with results from 2D simulations, in terms of amplification ratios along two typical cross sections spanning the historical center of the city, namely CIT-bedrock and LEP-KAS (dark-gray and white lines, respectively, in Figure 4 ). More specifically, comparisons were performed with the results of Triantafyllidis, , who studied site effects and ground-motion characteristics for the two cross sections (A4 and AA in , respectively) using the hybrid method (Fäh, 1992) to simulate 2D synthetics for an earthquake that occurred in the GreekBulgarian borders and for the 4 July 1978 aftershock (earthquakes 2 and 5 in , respectively). Earthquake 2 and cross-section AA were additionally selected for comparisons because earthquake 2 has very similar focal mechanism with the 4 July 1978 aftershock and its epicenter is located in the northeastern part of the model (although in larger distance than the aftershock's), with seismic waves propagating from a similar direction with the simulated aftershock. Moreover, the ratio estimated from 3D synthetics for the AGK-KAL cross section (black line in Figure 4 ) is also presented in order to provide a more complete image of the estimated amplifications from the studied aftershock in the broader city center.
The corresponding 2D and 3D amplifications (ratios of RotD50 measure of PGV with respect to site OBS [bedrock site]) are presented in the top panels of Figure 12 (gray and black solid curves, respectively), as a function of distance along the cross sections. In the bottom panels, a schematic presentation of the geophysical structure along the three cross sections, as determined from slicing the 3D geophysical model along the specific cross sections, is shown. The comparison with the geophysical structure along the AA and A4 (LEP-KAS and CIT-Bedrock) cross sections of , which occurred using their 2D geophysical model, shows that the 2D models were more detailed than the corresponding slices presented in Figure 12 in terms of finer layering of the adopted soil formations (A, B, C, D, etc) .
The 3D amplification curves were computed for the Anastasiadis et al. (2001) model and for the corresponding bedrock 1D model (PGV3D/PGV1D) of the filtered synthetics in the frequency band 0.7-3 Hz. It should be pointed out that the reference value PGV1D was estimated by employing a full 3D wavefield for a 1D model structure using the FD approach. The amplifications from the observed recordings (filtered in the 0.7-3 Hz frequency band) for sites AGK and CIT, with respect to site SEK, are shown in Figure 12 as black circles. It must be stressed that, because ratios are employed, the differences between the various amplifications (ratios of peak ground motions) are free, to a large extend, from the source-function and radiation pattern effects, thus the obtained results can be attributed mostly to the different structure effect on ground motion. The two sites (SEK and OBS) used by the and this study as reference stations in estimating the various amplification factors are very closely located (three city blocks away) and are both clearly situated on bedrock, as shown in Figure 4 . The spectral ratios of the horizontal components of the two stations were studied and did not reveal any discrepancies, presenting values around 1, for the frequency range studied. Additional checks were also performed for the spectral ratios for the 2D results from , for which, unfortunately, synthetic waveforms Figure 12. (a,d,g ) Variations of the PGV3D/PGV1D ratio (black curve) of the RotD50 measure estimated from the filtered synthetics (0.7-3 Hz) along three selected cross sections. Relative 2D PGV ratios (gray curve) of the RotD50 measure, with respect to reference site OBS (PGA_rock), as a function of distance are also plotted along the cross section CIT-bedrock and LEP-KAS, as estimated by Triantafyllidis, Trian04) . The observed amplifications for sites CIT and AGK estimated from the RotD50 measure, with respect to site SEK, are shown with black circles. The expected amplifications derived from the correlation of variations of lnPGV with the corresponding macroseismic intensity variations of the 1978 mainshock are plotted with dashed black lines for all cross sections (see text for details). The black triangles correspond to the amplification values estimated from SSR values using the relations proposed by Triantafyllidis (1997) for the first cross section. (b,c,e,f,h,i) Schematic presentations of the geophysical structure along the three cross-sections, as determined from the 3D geophysical model used in the present study, in which (b,e,h) an enlarged view of the top 30 m provides a detailed presentation of the shallower structure along the cross section. Soil formations are categorized according to Anastasiadis et al. (2001) .
were available for a site located in the vicinity of site SEK but not for the exact location of the site. From all the previous checks, it was quite clear that the comparisons presented in Figure 12 should be safely considered as valid.
For the CIT-bedrock cross section (Fig. 12a-c ) the PGV3D/PGV1D ratio (black curve) exhibits its highest value (∼5) at the deeper parts of the sedimentary basin (around 150 m), in contrast to the 2D ratio (gray curve), which exhibits higher values (∼4) around the distance of 400 m. Especially, for distances up to 300 m where a gradual thickening of the soft-soil layers is developing, as also shown in Figure 4 , the differences between 3D and 2D ratios are very prominent, with the estimations from 3D synthetics being ∼2-2:5 times higher than the 2D ones. The observed values estimated for site CIT that could be used as an indication for the actual amplification levels are practically between the estimations from 3D and 2D synthetics, but it has to be considered also that PGV values usually correspond to frequencies ∼1-2 Hz, which is the frequency range in which the amplitude trench in FAS is observed for site CIT. For distances larger than 500 m (as we approach the sedimentsbedrock interface area), 3D and 2D results are in a very good agreement, exhibiting practically same amplification values.
For the LEP-KAS cross section ( Fig. 12d-f) , the relative PGV ratio from 2D simulations exhibits its highest value (∼2) close to site LEP (around the distance of 200 m) and absolute values ∼2 between sites AGK and ROT in the distance range of 600-750 m. The PGV3D/PGV1D ratio exhibits its highest value (∼3:5) at the deeper parts of the sedimentary basin (depth ∼ 180 m). A qualitative comparison between the present study amplification results shows that the highest values of both ratios are observed for the thickest sedimentary formations of the basin (coastal area). Moreover, there is a good agreement of the 3D and 2D amplification curves for the sedimentsbedrock interface area (around site KAS), which exhibits practically no amplification. Nevertheless, the amplifications estimated by the 2D synthetic waveforms are significantly lower, compared to the estimations from 3D synthetics, especially for distances between 0 and 750 m (the deeper parts of the basin). The observed value estimated for site AGK is in very good agreement with the estimations from 3D synthetics regarding the level of predicted amplifications estimated in this work, while site CIT exhibits a value between the prediction from 2D and 3D synthetics.
Finally, for the AGK-KAL cross section (Fig. 12g-i ), comparisons can be performed only with the observed values estimated for site AGK, which are in a very good agreement with the estimations from the 3D synthetics. The highest values are estimated in the coastal area (around sites LEP and AGK), which also is in agreement with the general conclusion drawn in the aforementioned paragraph that the highest ground motions from the aftershock were observed in the coastal zone of the city.
In order to have an independent measure for the validation of the results presented in Figure 12 , the estimation of ground amplifications from the variation of macroseismic intensity (ΔI) from the 1978 mainshock, along all cross sections was used. According to Panou et al. (2005) , ΔI along the LEP-KAS cross section is of the order of 2.5 (Fig. 11) . Nevertheless, considering that macroseismic intensity estimation is based mainly on building damage, the observed values could be biased to a certain extent by the effect of structures tuning to the ground resonant frequency and therefore may not depend solely on the variation of local site-effect amplifications (Theodulidis and Papazachos, 1992) . A rough estimation of the contribution of the structure soil resonance effect on ΔI for the study area may be locally of the order of 0.5 intensity units (Panou et al., 2005) . Notice that any small but systematic overestimation of the published intensity values (A. Panou, personal comm., 2011) will not affect the relative intensity values, ΔI, used in this work. Moreover, because the available intensity values were provided by Leventakis (2003) as intervals (e.g., 6 to 7; see Fig. 11 ), we used the increment of ΔI 0:5 for successive intensity intervals (e.g., between the intervals 6 to 6 and 6 to 7).
Empirical prediction relations of peak ground motion (acceleration and velocity) from macroseismic intensity, I, for the broader Aegean area (Koliopoulos et al., 1998; Theodulidis, and Papazachos, 1992; Tselentis and Danciu, 2008) were used to estimate an average relation between variations of the logarithm of PGV (Δ ln PGV) and ΔI:
(2) Relation (2) was used for the estimation of relative peakground-motion variations (Δ ln PGV) along the three cross sections by digitizing the intensity map (Fig. 12 ) in order to obtain the values of the relative macroseismic intensity increase ΔI. Assuming that the additional contribution of soil-structure resonance to damages obtains a typical value of 0.5, we estimated PGV amplification factors along all cross sections, which are depicted with a black dashed line. Furthermore, the relations proposed by Triantafyllidis (1997) for correlating ground amplifications with I from the 1978 mainshock were also used: For the derivation of these relations, the average amplifications were estimated using the standard spectral ratio analysis (SSR) method for the horizontal components of ground motion, and ΔI was the difference between the original (uncorrected) macroseismic intensity for each examined site and the reference station (OBS), which is located on bedrock. The correlation was performed by Triantafyllidis (1997) by computing the average SSR value for two examined frequency windows of his 2D simulations, namely 1-10 Hz and 1-5 Hz, in order to explore which frequency window was more appropriate for the correlation with macroseismic damages. Using the original (uncorrected) value of ΔI 2:5 between the bedrock and the coastal area close to LEP station (following the LEP-KAS cross section) according to Panou et al. (2005) , we estimated the average amplification from both relations and plot the corresponding amplification with a black triangle in Figure 12 .
The comparisons presented in Figure 12 suggest that 3D amplification values are in very good agreement with the amplifications estimated using relation (2) and the adopted assumptions, as well as with the observed amplifications at stations AGK and CIT, though station CIT appears to have amplification between the values provided by 3D and 2D modeling. On the other hand, the amplifications estimated by relations (3) and (4) seem to be overestimated. Given the consistency of the amplifications determined from macroseismic data with the 3D results (both quantitatively and regarding the general shape of the amplification curves), the very good agreement at station AGK and the fact that station CIT (which shows poorer fit with 3D results) may be affected by the recorded building, we can consider that this general agreement verifies the practical usefulness of 3D synthetics for studying site effects and efficient seismic hazard mitigation for complex sedimentary basins, such as the broader Thessaloniki area.
It should be noted that the observed agreement between the predicted amplifications from 3D modeling and conversion of relative intensity values may be surprising, if we consider the relative large error of the published MMI-logPGV relations (e.g., σ log PGV ∼ 0:47 for Tselentis and Danciu, 2008) . However, relations that consider site conditions (e.g., Theodulidis and Papazachos, 1992 ) exhibit a smaller error (∼0:3 for log PGV), though this error is still quite high. Moreover, this error attempts to account for all possible sources of the MMI-log PGV discrepancy, such as interevent errors and errors in the absolute assignment of intensity (e.g., due to variable building quality, poor resolution of single intensity values determined for cities that have sustained damage, etc.); neither of these errors were present in our case because we examine a single event for which we only use relative and not absolute intensity estimates. Furthermore, the employed MMI values of Leventakis (2003) have been estimated using a much higher resolution and accuracy procedure than the aforementioned relations. Therefore, though the expected PGV error from MMI conversion is quite large (a factor of 2 for σ log PGV 0:3), the overall error of the specific MMI-to-PGV conversion employed in Figure 12 is expected be much smaller. As a rough estimate, if we consider a typical error of σ ΔI 0:5, relation (2) gives a value for σ Δ log PGV ∼ 0:15 that corresponds to an error of ∼40% for the final PGV amplifications.
Conclusions
In the present study the strong (M 5.1) aftershock of the 4 July 1978 was simulated using a 3D finite-difference approach. Synthetic waveforms were computed for a grid of receivers in order to study the wave propagation of the earthquake in the urban areas of the city of Thessaloniki and evaluate the variability of site response. Comparisons were performed with observed data recorded in two stations, located in the historical center of Thessaloniki (on sedimentary formations) and in one in the broader urban area of the city (on bedrock), in both time and frequency domain. The general frequency content and shape of the observed waveforms was quite well reconstructed for the bedrock site and to a lesser extent for the sedimentary sites, with the observed discrepancies being probably caused by the geophysical model limitations, as well as the simple functional form of the source time function the low-to-average quality of the observed accelerograms used in the comparisons.
In terms of peak-ground-motion values (PGV) synthetic results are, in general, in good agreement with the predicted ones. The resulting spatial distribution of the RotD50 measure of PSA values shows that, for certain areas of Thessaloniki (city harbor area, broader historical center, and eastern parts of the city), the expected ground motion has a significant site-effect impact. The highest relative PSA values, with respect to reference site SEK, for both periods studied, were found in the northwest part of the model and in the city harbor area and the broader historical center area of Thessaloniki, extending toward the east. Relatively high values of relative PSA were also estimated for the southeastern parts of the city. Time-frequency analysis for two additional sites located in the southeastern part of the high amplification coastal zone (TYF) and in the bedrock-sediments interface (LAB) revealed some evidence of frequency dispersion phenomena in the coastal area (e.g., site TYF), which correspond to locally generated Love waves and possibly contribute to the high PSA ratio values observed in the specific area, though the frequency resolution does not allow for definite conclusions regarding the presence of Love waves.
In order to evaluate the significance of the ground motion properties and the previously described site-amplification characteristics, an attempt was made to qualitatively correlate PGV simulations with the recorded damages in the city of Thessaloniki from the mainshock of 1978 seismic sequence. Therefore, the spatial distribution of the RotD50 measure of PGV values from the filtered (0.2-3 Hz) horizontal components was compared with observed damages from the 1978 mainshock. The comparison showed a very good qualitative correlation between the highest damage areas and the areas of highest PGV values, indicative of the consistency and the practical implications of the 3D simulations presented in this study.
Additional comparisons were performed with 2D theoretical results and amplifications determined from macroseismic information along three typical cross sections, which extend from the bedrock to the coastal area along the city center, as well as along the coastal area. The PGV3D/PGV1D ratios were estimated and plotted against distance along the examined cross sections. The highest values of ground-motion amplifications estimated from 3D synthetics were identified for the coastal area, especially the section closer to the city center (e.g., site LEP), being significantly higher (locally up to 2-2.5) than the available amplifications from 2D synthetics. These results were also verified from comparisons with the amplifications estimated from observed recordings for sites CIT and AGK, practically exhibiting the same amplification values with 3D synthetics, though site CIT exhibit amplifications between the 2D and 3D synthetics. Nevertheless, a good qualitative agreement between 3D and 2D results is observed for the northeastern half-part of the cross section. The amplifications estimated from the 3D synthetics were also verified using the proposed relations between amplifications and variations of macroseismic intensity of the 1978 (M 6.5) mainshock. Comparisons along the examined three cross sections showed that 3D PGV amplification values are in very good agreement with the corresponding amplification range estimated using the average intensity-PGVamplification relations. These results confirm the reliability of the 3D simulations for the city of Thessaloniki and suggest that is it necessary to employ 3D wave-propagation studies in order to accurately describe site effects and soil amplification for complex sedimentary basins such as the Thessaloniki basin, especially for specific earthquake studies.
Data and Resources
The map of Figure 1 was produced using the seismicity catalog 550 B.C.-September 2009 of the seismological station of the University of Thessaloniki, http://geophysics.geo .auth.gr/ss/CATALOGS/seiscat.dat (last accessed October 2011). The acceleration-sensor data used in this study are available upon request from the Institute of Technical Seismology and Earthquake Engineering (ITSAK) and the Geodynamic Institute of the National Observatory of Athens. The original 2D synthetics used in the comparisons of Figure 12 were provided by P. Triantaffylidis. Some plots were created using the Generic Mapping Tools version 4.2.1 (www.soest.hawaii.edu/gmt, last accessed October 2011; Wessel and Smith, 1998) .
